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analyzed with respect to the retention of the enzyme glucose-6-phosphate dehydrogenase and the surface antigen MIC2 identified by monoclonal antibody 12E7, two human X chromosome-linked markers located at opposite ends of the X chromosome. Cell hybrid clones with an X chromosome from a young control retained both markers in about 70% of the cells. In contrast, cell hybrid clones with an X chromosome from an old donor retained the MIC2 marker in only 30% of their cells. Slot-blot hybridization studies have established that the observed loss ofthe MIC2 marker is due to loss of the coding gene, not to suppression of its expression. Similar hybridization studies with molecular probes specific for other regions of the X chromosome suggest preferential chromosomal breakage sites. T lymphocytes from old donors were also found to have an LD50 for aminopterine significantly lower than the concentration of this drug in the HAT medium used to grow the hybrids, suggesting that the higher level of gene loss observed in the X chromosomes from old donors may be directly related to their increased sensitivity to the clastogenic effect of aminopterine. We speculate that the higher rate of chromosomal breakage and of marker loss observed along the "old-age" X chromosomes could be the result of "molecular scars" accumulated with aging at sites of constitutive chromosomal fragility.
The contention that the aging process results from the accumulation of somatic mutations is an old one (1) (2) (3) and still controversial. It is our belief that one of the main difficulties in approaching the question experimentally has been that the methods available to test this hypothesis have usually been applicable only to subpopulations of somatic cells capable of replicating in culture. To circumvent this limitation, we have used a simplified version of the "cell hybrid cotransfer method" of Goss and Harris (4) , which permits screening for chromosome breakage along a well-defined chromosomal target site (in our case, the X chromosome) independent of cell survival. This was done by fusing peripheral blood lymphocytes from the individuals to be tested with the rodent cell line CHO-YH21, which is deficient in hypoxanthine phosphoribosyltransferase (HPRT), an X chromosomelinked marker whose presence is essential for survival in the HAT-selective medium of Szybalsky and Szybalska (HAT = hypoxanthine/aminopterin/thymidine) (5) . The parental rodent cells also lack the enzyme glucose-6-phosphate dehydrogenase (G6PD) and the human surface antigen MIC2 (6) identified by monoclonal antibody 12E7, two additional markers of the mammalian X chromosome, whose coding genes are located at the opposite subtelomeric ends in humans. Accordingly, the screening for the presence of these two markers in the HAT-resistant cell hybrid clones is an assay for the retention of the entire X chromosome, thus providing information on the proneness of the different parental cell types to chromosomal breakage along the chosen target site.
MATERIALS AND METHODS
Cells, Media, and Human Donors. The Chinese hamster cell line (CHO-YH21) deficient in HPRT and G6PD activity (7) has been used as a parental rodent cell type in all experiments described. Mononucleated leukocytes, isolated by centrifugation on a Ficoll/Hypaque gradient from freshly collected samples of peripheral blood, were the human parental cells used for the fusion experiments. The long-term cultures of human T lymphocytes for the LD50 test were established from peripheral blood lymphocytes stimulated with 2.5 ,ug of phytohemagglutinin (Burroughs Wellcome) per ml and were induced to further growth by addition of the T-cell growth factor interleukin 2 (lymphocult T) at 20% (wt/vol). RPMI 1640 medium (GIBCO) supplemented with 100 units of penicillin and 50 4g of streptomycin per ml, 1 mM Lglutamine, and 10% (vol/vol) fetal calf serum was used as standard tissue culture medium unless otherwise specified. HAT selection was carried out in the same RPMI 1640 medium containing amounts of hypoxanthine, aminopterine, and thymidine as specified in the original HAT medium (8) . The human donors were 10 healthy adult Caucasian males of the same social background, of whom 5 were 75 years or older and 5 were 35 years or younger.
Experimental Protocols. Cell fusion was carried out as described by Alhadeff et al. (9) . The detection of G6PD activity at the individual cell level was carried out with the chromogenic reaction described by Rosenstrauss and Chasin (7) . Soon after their isolation, the HAT-resistant rodenthuman hybrid clones are usually totally positive; however, a prolonged growth in HAT-selective medium leads to the appearance of (12) . High molecular weight DNAs were prepared as described by Kunkel et al. (13) . Quantitative evaluation of the slot-blot results was obtained by densitometric tracing of the autoradiographic signals with the LKB Ultroscan XL. RESULTS About 5 x 106 peripheral blood mononuclear cells, isolated from freshly collected venous blood of five male propositi 75 years or older and of five adult male controls 35 years or younger, were fused with an equal number of the HPRT/G6PD-deficient CHO-YH21 Chinese hamster cells. Though the experimental conditions were absolutely identical, the yield and the speed with which HAT-resistant clones were recovered from the two sets of fusions were markedly different. Namely, numerous hybrid clones had rapidly grown to a consistent size within the first 10 days of HAT-selection in the set of fusions derived from young human parental donors, whereas it took twice this time to isolate a total of 10 clones (two or three from each of four fusions, the fifth yielding none) from the set involving the five old parental donors. All 10 HATresistant clones recovered from this latter set of fusions, and 22 of the HAT-resistant clones recovered from the former ones were propagated in HAT medium to reach -5 x 106 cells per clone. This required about 2 additional weeks for the set of young-age hybrid clones and about 1 month for the old-age set. Accordingly, we took care by appropriate subculturing to ensure that all hybrid clones had been exposed to the HAT selection for the same length of time before being individually analyzed for their G6PD and MIC2 phenotype. This analysis is summarized in Tables 1 and 2 , where the average percentage of G6PD and MIC2 retention are compared for the two sets of HAT-resistant clones after an equal time of exposure to the HAT-selective medium. From these data it is evident that both types of hybrid clones retained the G6PD marker (physically close to HPRT) in about 80%o of their cells. In contrast, hybrid clones carrying a young-age X chromosome retained the more distant marker, MIC2, in 73% of their cells; and the clones with an old-age X chromosome, in less than 40%o.
To determine whether or not the loss of expression of the MIC2 surface antigen was due to true gene loss, we probed DNA slot blots of a representative group of the two sets of hybrids (i.e., those reported in Table 1 as showing a high, medium, or low percentage of marker retention) with pSG1, a cDNA recombinant clone containing most of the coding sequence for the MIC2 antigen, which is known to be a marker of both the X and the Y chromosomes (11, 14) . The strength of the signal observed in the individual hybrid clones was determined quantitatively by densitometry and found to be correlated positively with the percentage of marker expression retained by the same clone (r = 0.82; Table 3 ).
To screen for loss of markers at other X-chromosomal regions, slot-blot experiments were also performed on all clones by using an array of X-specific molecular probes that are homologous to intermediate regions of the human X chromosome between Xp22 and Xq28. The two series of reported in the second and last columns is highly significant (r = 0.82; t = 4.51; degrees of freedom = 10; P < 0.001). *B, the correcting factor for cross-hybridization, is 0.18 (the "A" value for YH21).
clones, though exhibiting on average the same level of autoradiographic signal for all X-specific markers investigated, were different with respect to their variances that were always larger for the old-age series, with a highly significant difference for markers RC8, pERT-15, and G6PD (Table 4) . Moreover, the pattern of marker retention observed in three of the old-age series (Table 5) The results of the slot-blot studies, evaluated in conjunction with the data of Table 1 , suggest the following conclusions: (i) a certain degree of loss in the expression of the MIC2 antigen is apparently a common feature of all the HAT-resistant hybrid clones isolated, but the degree of this loss is significantly higher among the clones of the old-age series; (ii) the loss of MIC2 expression is due to true loss of the corresponding coding gene; (iii) the loss of all of the X-linked markers proximal to the HPRT locus and the stable retention of one or more markers distal to it in the HATselected clones HH-76-1 and HH-76-4 can be explained best by assuming that an acentromeric fragment, including the selectable HPRT marker, was translocated to a rodent chromosome; (iv) the unexpected retention of the MIC2 marker in 34.5% of the cells in clone HH-76-1, in spite of the complete loss of all other X-specific markers proximal to the HPRT locus, can be most easily explained by assuming that the MIC2+ cells of this clone have retained the Y-linked but not the X-linked MIC2-encoding DNA sequence.
The complete absence of hybrid clones totally negative for the MIC2 marker suggests that its loss must have occurred in culture during, and probably in consequence of, the prolonged growth in the HAT-selective medium. Accordingly, the greater proneness of hybrid clones with an old-age X-chromosome to the loss of the MIC2 marker could be attributed to a higher proneness of the cells from old donors to the well-known clastogenic effect of drugs with antifolate activity such as aminopterine (14) (15) (16) . To evaluate such a hypothesis in an independent manner, we determined the LD50 of aminopterine on peripheral blood T lymphocytes derived from two of the old donors and from two of the young ones. The T-cell cultures were started from peripheral blood lymphocytes stimulated with phytohemagglutinin and grown for about 1 *Expressed in arbitrary units after corrections described in Table 3 .
tSame hybrid clones reported in Tables 1 and 2 but for accidental loss of some DNA samples from slot blots. tThe retention of HPRT activity was tested at the individual cell level autoradiographically after a pulse of 14C-labeled hypoxanthine [10] . All three clones were homogeneously positive. This test was necessary to rule out the possibility-albeit unlikely-that HAT-resistant clones might include HPRT-cells capable of surviving through metabolic cooperation with the HPRT+ ones.
( Fig. 1) clearly show that the percentage of dead cells (expressed by their permeability to propidium iodide) is homogeneously greater in the T-cell cultures derived from old-age donors, even in the absence of aminopterine, and remains so at all concentrations of the drug so that the LD50 turns out to be 0.4 mM for the T lymphocytes from the young donors and 0.4 ,uM from those of the old ones. The latter concentration is the same as the one used for the HAT medium selection (8) .
DISCUSSION
Previous studies have associated the aging process with impaired T-cell proliferation and an increased level of chromosomal instability in these same cells (17) (18) (19) (20) (21) (22) (23) (24) (25) . Also, the frequency of somatic mutation at the X-linked HPRT locus in long-term cultured T lymphocytes has been reported to increase with age at a rate of 1.3% per year (26) . The results of our studies show that the cell hybrid clones carrying an old-age X chromosome tend to lose the X chromosome's short arm marker MIC2 at a significantly higher rate than those carrying a young-age X chromosome, a result that is consistent with an increase of chromosome fragility as a function of age. It could be argued that the retention of the MIC2 marker in the HAT-selected hybrids of the type described is not as informative as its loss because of the possibility that some of the MIC2' hybrid clones might have lost the X-linked coding gene and still be positive for having retained the Y-linked one. This combined event, which we believe explains the pattern of gene loss described for the old-age clone HH-76-1 (Table 5) (Table 3) , we can conclude that cells that are negative for this marker are so because ofgene loss and not because of a functional failure in gene expression.
Because the human parental cells used in the fusion experiments were all MIC2+ (and among the hybrid clones of both groups there was none lacking the MIC2 marker in all of its cells), it is reasonable to conclude that this gene loss must have occurred in culture, probably following chromosomal breakage induced by the prolonged growth in the HATselective medium (28, 29) . On the other hand, the absence of hybrid clones with 100% of MIC2+ cells and the molecular evidence (Table 5 ) supporting the retention of the remainder of the X chromosome [between DXS9 (probe RC8) at Xp22.3--p22.1 and DXS52 (probe Stl4) at Xq28--qter] in 29 of the 32 hybrid clones examined indicate that this type of mitotic break, though more frequent in the old-age hybrid clones, must have occurred at least once in every hybrid clone. We maintain that it cannot be a mere coincidence that such a common break should occur in a chromosomal region that is also the site of obligatory meiotic exchanges (30) (31) (32) (33) . In fact, the additional chromosomal breaks hypothesized to explain the pattern of marker loss described in the three old-age hybrid clones reported in Table 5 also involve chromosomal regions prone to meiotic rearrangements (34) and to constitutive (35, 36) and/or hereditary fragility (37, 38) as are the regions Xp2-1p22.1, Xq26, and Xq27->q28. The clustering of spontaneous chromosomal breaks at these sites and at other sites of chromosomal fragility has been verified cytogenetically in short-term cultures of T lymphocytes and has been shown to reach its maximum in old-age individuals (25) . Moreover, there is experimental evidence that chromosomal fragile sites are the preferential targets of mutagens and carcinogens (39) as well as viral integration (40) .
A recent study, pursuing a very different research goal but carried out with an experimental protocol similar to the one used for the present study, has indicated a more frequent loss of the X-chromosome long arm subterminal region (Xq28) in HAT-selected hybrids derived from the fusion of the same YH21 cells with lymphoblasts of males affected by the fragile-X-chromosome syndrome (41) . The mitotic separation of human X-linked markers in HAT-selected rodenthuman hybrids has been observed since the early days of somatic cell genetics (28) and has been proposed as a Proc. Natl. Acad. Sci. USA 86 (1989) convenient experimental tool to estimate physical distances between the corresponding loci (42) . However, we now know that inborn or age-dependent variation in the individual proneness to induced chromosomal breakage can affect the accuracy of estimates of genetic distances obtained with the cell hybrid cotransfer method (5) or its modified version based on chromosome-mediated transfer (43) . The persistence of a higher sensitivity of the old-age X chromosomes to aminopterine, even after their transfer in the cell hybrid genome, suggests that the aging process must have altered them in an irreversible manner and that, whatever their nature, these alterations are faithfully replicated at each cell division as "molecular scars" that have become imprinted in the chromosomes of aged individuals, thus becoming the preferential target sites for additional drug-induced chromosomal breakages.
It has been suggested that aging could be the consequence of epigenetic errors associated with a progressive decline of DNA methylation (44, 45) . This type of DNA alteration would indeed remain imprinted in the old-age X chromosomes and could be held responsible for the observed enhancement of their proneness to drug-induced DNA breakage.
A greater sensitivity of old-age peripheral blood Tlymphocytes to aminopterine is confirmed by the finding of an LD50 dose for this substance of 0.1 uM for the young donors versus 0.1 mM for the old ones. Though this latter test measures the drug's overall toxicity and not necessarily its clastogenic effect on chromosomes, it seems of relevant significance that the viability of T lymphocytes from old donors should turn out to be markedly lower than that from young donors at the dose of aminopterine equivalent to one used for the selection of the hybrids in the HAT medium. An additional point of interest in the latter experiment has been the finding of a higher percentage of dead cells among the long-term cultured T lymphocytes even in the absence of aminopterine (Fig. 1) . We believe that this circumstance and the higher proneness of the old-age X chromosome to HAT-induced chromosomal breakage, may be the factors responsible for the lower yield of cell hybrid clones and their slower rate of growth observed for the group of cell fusions involving the human parental cells from the old-age donors.
We have shown that the application of the cell hybrid cotransfer experimental protocol to the study of the individual variation in the susceptibility to inducible DNA damage offers the possibility of screening for such damage at a level of a well-defined chromosomal target site, independently of the ability of the damaged cells to survive. We are confident that, with the appropriate modifications, this methodology can be efficiently applied to the measurement of the individual susceptibility toward any other type of DNA clastogenic agent, such as radiation and radiomimetic substances or chemical compounds pertaining to industrial and medical activities.
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